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petrogenetic constraints from Indosinian gra b s t r a c t
The granitic dykes in the Badu Group, Zhejiang Province, South China provide important insights on
tectonic setting and crustal evolution of the South China Block (SCB) and the Indochina Block during
Triassic. Here we report LA-ICP-MS UePb data of granitic rocks from the Hucun and Kengkou which
show early Triassic ages of 242  2 and 232  3 Ma, respectively, representing their timing of
emplacement. The dyke rocks are enriched in K, Al, LREE, Rb, Th, U, and Pb, and are depleted in Nb, Ta, Sr,
and Ti. The rocks are characterized by highly fractionated REE patterns with (La/Yb)N ratios of 28.46
e38.07 with strong negative Eu anomalies (Eu/Eu* ¼ 0.65e0.73). In situ Hf isotopic analyses of zircons
from the Hucun granite yielded 3Hf(t) values of 13.9 to 6.4 and two-stage depleted mantle Hf model
ages of 1.68e2.15 Ga, which indicate that the magma was formed by partial melting of the Paleo-
proterozoic metasedimentary protoliths in the Cathaysia Block. The zircons from the Kengkou granite
have 3Hf(t) values ranging from 40.7 to 31.5 and yield two-stage depleted mantle Hf model ages of 0.99
e2.49 Ga, indicating magma origin from a mixed source. The Hucun and Kengkou dykes, together with
the Triassic A-type granites in SE China were probably generated during magmatism associated with
crustemantle decoupling along the convergent plate boundary between SCB and the Indochina Block.
 2016, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
The tectonic settings andmagma sources of Triassic magmatism
in the South China Block (SCB) remainpoorly understood due to lack
of precise geochronological and geochemical data. The Triassic
granites distributed in the Jiangxi, Hunan, Guangxi and Guangdong
provinces in the central SCB include both I- and S-types,
and generally occur far from the continental margins (Zhou et al.,
2006; Zhang et al., 2013; Mao et al., 2014). Previous studies
demonstrated that the granites are syn- and late-collisional, and
formed in a compressional tectonic setting related to collision of the
SCB and the Indochina Block (Wang et al., 2003, 2005a, 2007). In
recent studies, Triassic magmatism has been reported in Zhejiang
Province, Fujian, in the form of A-type granites and alkaline syenites
(Fig. 1a) (Sun et al., 2011; Li et al., 2012; Zhao et al., 2013; Gao et al.,þ86 10 64422326.
of Geosciences (Beijing).
eijing) and Peking University. Produ
c-nd/4.0/).
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anites, Geoscience Frontiers (2014). Zhao et al. (2013) argued that the Triassic A-type granites in
Zhejiang and Fujian provinces formed in an extensional environ-
ment after collision between the SCB and the Indochina Block.
Others suggested that these granites are related to subduction of the
paleo-Paciﬁc plate during the late PermianeTriassic (Li et al., 2006,
2012; Sun et al., 2011), whereas, Wang et al. (2013a) proposed that
the arc-related geochemical characteristics of these granites might
have been inherited from their protoliths. The petrogenesis of the
granites has also been ascribed to Indosinian multi-plate conver-
gence in South China (Mao et al., 2013). However, the Triassic tec-
tonic history of the Cathaysia Block still remains debated.
In this paper, we present the results from whole-rock
geochemistry, LA-ICP-MS zircon UePb geochronology, and Hf iso-
topes of the two Triassic granitic dykes in SE Zhejiang (Fig. 1b), and
discuss their petrogenesis and tectonic implications.2. Geological setting and petrography
The SCB located in SE China (Fig. 1a), consists of two major
Precambrian continental blocks: the Yangtze Block to thection and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
n the eastern part of the South China Block: Geochronological and
2016), http://dx.doi.org/10.1016/j.gsf.2016.03.003
Figure 1. Regional geological map of Southeastern China Block (a) and Zhejiang province (b). JSF: JiangshaneShaoxing Fault; CNF: ChangleeNanao Fault; ZDF: ZhengheeDafu Fault;
WF: Wuyishan Fault; WSF: WuchuaneSihui Fault; BLF: BinxianeLinwu Fault; JAF: JinxianeAnhua Fault. Locations and ages of Triassic A-type granites are from previous studies
(Wang et al., 2005b; Sun et al., 2011; Li et al., 2012; Mao et al., 2013; Zhao et al., 2013; Gao et al., 2014).
W. Gao et al. / Geoscience Frontiers xxx (2016) 1e122northwest and the Cathaysia Block to the southeast (Yu et al., 2009,
2012; Zheng et al., 2013), which were amalgamated in the early
Neoproterozoic (Charvet et al., 1996; Li et al., 2008; Wang et al.,
2014; Xu et al., 2014; Yao et al., 2014; Zhao et al., 2014). The
Yangtze and Cathaysia Blocks have distinct crustal ages. The base-
ment of the Yangtze block consists of Archean rocks with average
ages of 2.7e2.8 Ga (Zhang and Zheng, 2013; Guo et al., 2014). The
Cathaysia Block crust appears to be much younger and consists
predominantly of Paleoproterozoic basement with several late
Archean (w2.5 Ga) inliers (Chen and Jahn, 1998; Xu et al., 2007).
The Cathaysia Block is composed of the Cathaysian terrane and the
southeastern part of the Jiangnan Orogen (Yao et al., 2014; Zhao
et al., 2015). Major NEeSW trending faults occur in the Cathaysia
Block including the ZhengheeDapu Fault (ZDF), the Jiangshane-
Shaoxing Fault (JSF), the WuchuaneSihui Fault (WSF), the Bin-
xianeLinwu Fault (BLF), and the JinxianeAnhua Fault (JAF) (Fig. 1a).
The JSF has been widely considered as the boundary fault or suture
between the Yangtze and Cathaysia Blocks along which thesePlease cite this article in press as: Gao, W., et al., Triassic magmatism i
petrogenetic constraints from Indosinian granites, Geoscience Frontiers (blocks amalgamated in the early Neoproterozoic to form the
coherent SCB (Charvet et al., 1994; Wang et al., 2013a). The BLF in
the SW part of the Qin-Hang belt has a broad NE-SW-trending
dextral strike-slip regime and the 40Are39Ar radiometric dating
provides an age of 187e193Ma (Cai, 2013). The ZDF is considered as
a continuous fracture that extends through the lithosphere which
divides the Cathaysia Block into an inland early Paleozoic fold-
thrust belt and a coastal late Mesozoic magmatic belt (Shu and
Zhou, 2002). The recently reported Triassic A-type granites occur
mainly to the NW of the ZDF (Fig. 1a).
The SCB witnessed a prolonged Phanerozoic evolution after its
formation during Neoproterozoic (850 Ma) (Faure et al., 2016). The
geological record indicates that the South China plate has experi-
enced at least three major episodes of tectonic disturbances in the
Phanerozoic (Cai, 2013), including Middle Paleozoic (Kwangsian)
tectonic event, Triassic (Indosinian) tectonic event and Yanshanian
tectonic event (Wang et al., 2013a; Zhang et al., 2013). Especially,
the Triassic appears as the most important period for the tectonicn the eastern part of the South China Block: Geochronological and
2016), http://dx.doi.org/10.1016/j.gsf.2016.03.003
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widespread all around the SCB, south Qinling belt to the north part
of the SCB (Faure et al., 2003), Longmenshan belt to the NW part of
the SCB (Robert et al., 2010), Jinshajiang, Ailaoshan, and North
Vietnam belts to the SW part of the SCB (Faure et al., 2014), and the
Xuefengshan belt in the internal part of the SCB (Chu et al.,
2012a,b,c). However, the Triassic tectonic event is not adequately
documented in the eastern part of the SCB.
The Hucun dyke (about 10 m in length and 15 cm in width),
occurs 3 km northeast of Huncun village in central Zhejiang Prov-
ince (Fig. 2a). The dyke intrudes the rocks of the Badumetamorphic
complex, resulting in contact metamorphism and metasomatism.
The Badu metamorphic complex, with an isotopic age of 1.8e1.9 Ga
(Xia et al., 2012; Yu et al., 2012), consists of greenschist-to
amphibolite-facies meta-volcanic rocks, metapelites, and marbles,
overlain by late Jurassiceearly Cretaceous felsic volcanic and
volcano-sedimentary rocks (Fig. 3a). The dykes generally have a
NEeSW trend, similar to that of regional faults.
A representative sample of the Huncun dyke (sample DY11-145)
which is a quartz monzonite, shows an assemblage of K-feldspar
(w40%), plagioclase (35%), quartz (5e15%), and minor apatite and
titanite (Fig. 3c).Figure 2. (a) Map of the Hucun dyke and sample location. (b) Map of the Kengkou dyke an
et al., 2012).
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petrogenetic constraints from Indosinian granites, Geoscience Frontiers (The Kengkou dyke is located near Kengkou village (Fig. 2b) and
has the same ﬁeld characteristics as the Hucun dyke (Fig. 3b).
Sample DY11-160 from the Kengkou dyke also displays a quartz
monzonite composition and consists of K-feldspar (30e40%),
plagioclase (25e35%), quartz (20e30%), and biotite (5%). The
plagioclase has a microcline texture, Carlsbad twins, and a grain
size larger than that of the K-feldspar (Fig. 3d).
3. Analytical methods
3.1. Geochronology
Zircon grains were separated from the two samples using
standard heavy-liquid and magnetic techniques before being
handpicked under a binocular microscope, mounted in epoxy, and
ground to approximately half their thickness. The internal textures
of the grains were imaged by Cathode Luminescence (CL) using an
FEI PHILIPS XL30 SFEG instrument with a 2 min scan time under
conditions of 15 kV and 120 nA. The Th, U, and Pb isotopic analyses
of zircon were performed by laser ablationemulti collec-
toreinductively coupled plasmaemass spectrometry (LA-MC-
ICPMS) at the Institute of Mineral Resources, Chinese Academy ofd sample location. The age of Badu Group is from previous studies (Xia et al., 2012; Yu
n the eastern part of the South China Block: Geochronological and
2016), http://dx.doi.org/10.1016/j.gsf.2016.03.003
Figure 3. Field photographs and photomicrographs of the Hucun and Kengkou dykes. (a) Field photograph of the Hucun granitic dyke (sample DY11-145); (b) ﬁeld photograph of
the Kengkou granitic dyke (sample DY11-160); (c) photomicrograph of the Huncun granitic dyke (cross polarized light); (d) photomicrograph of the Kengkou granitic dyke (cross
polarized light). Bt ¼ biotite, Qz ¼ quartz, Pl ¼ plagioclase.
Figure 4. Representative zircon CL images from the Hucun and Kengkou granitic dykes showing analysis spots for UePb dating (yellow circles) and Hf isotopes (red circles).
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Table 1
UeThePb isotopic data for zircon grains from the Hucun and Kengkou granitic dykes.
Spot Th U Th/U Isoplot ratio Age (Ma)
(ppm) (ppm) 207Pb/235U 1s 206Pb/238U 1s 206Pb/238U 1s
DY11-145
1 175 138 1.3 0.2805 0.0035 0.0390 0.0004 246.6 2.3
2 76 49 1.6 0.2739 0.0052 0.0380 0.0004 240.5 2.6
3 657 164 4.0 0.2851 0.0030 0.0388 0.0003 245.4 2.2
4 181 142 1.3 0.2893 0.0040 0.0386 0.0005 244.4 2.8
5 338 213 1.6 0.2795 0.0027 0.0380 0.0003 240.5 1.9
6 282 178 1.6 0.3833 0.0056 0.0380 0.0004 240.3 2.3
7 388 156 2.5 0.2926 0.0062 0.0384 0.0007 242.9 4.4
8 132 77 1.7 0.4142 0.0081 0.0387 0.0006 244.9 3.6
9 40 50 0.8 0.5039 0.0284 0.0384 0.0013 243.1 7.9
10 101 42 2.4 0.2874 0.0101 0.0380 0.0006 240.4 4.0
11 148 63 2.3 1.0884 0.0608 0.0464 0.0010 292.2 6.3
12 325 99 3.3 0.3627 0.0186 0.0374 0.0006 236.6 3.8
13 42 42 1.0 0.5037 0.0374 0.0391 0.0009 247.4 5.9
14 79 41 1.9 3.9600 0.2624 0.0650 0.0038 406.2 23.3
15 71 69 1.0 0.2390 0.0093 0.0345 0.0003 218.6 2.1
16 106 90 1.2 0.3106 0.0072 0.0343 0.0003 217.3 2.2
17 73 42 1.7 0.3819 0.0230 0.0382 0.0007 241.6 4.2
18 162 60 2.7 0.3692 0.0196 0.0386 0.0010 243.9 6.4
19 444 216 2.1 0.2846 0.0057 0.0371 0.0005 235.1 3.3
20 393 201 2.0 0.2809 0.0078 0.0379 0.0007 239.7 4.6
DY11-160
1 152 109 1.4 4.9266 0.0519 0.3147 0.0033 1763.8 16.3
2 19 19 1.0 4.1100 0.0640 0.2664 0.0036 1522.3 18.5
3 20 14 1.4 0.3263 0.0268 0.0369 0.0013 233.8 8.2
4 102 34 3.0 0.2742 0.0142 0.0364 0.0015 230.4 9.2
5 39 30 1.3 1.4147 0.0301 0.1071 0.0022 656.1 12.6
6 19 27 0.7 0.3339 0.0135 0.0378 0.0009 239.5 5.7
7 61 67 0.9 4.4966 0.0852 0.2940 0.0055 1661.3 27.2
8 417 115 3.6 0.2701 0.0059 0.0368 0.0007 233.0 4.1
9 75 50 1.5 4.9824 0.0695 0.3169 0.0044 1774.5 21.5
10 58 39 1.5 0.2535 0.0070 0.0354 0.0007 224.4 4.3
11 24 23 1.1 5.5710 0.0952 0.3397 0.0057 1885.4 27.6
12 31 26 1.2 4.3984 0.0812 0.2824 0.0051 1603.3 25.5
13 48 36 1.3 5.0687 0.0822 0.3232 0.0053 1805.1 25.8
14 51 32 1.6 5.1079 0.0676 0.3254 0.0043 1816.0 20.8
15 84 34 2.4 0.2709 0.0065 0.0368 0.0006 232.7 3.6
16 47 37 1.3 5.4455 0.0916 0.3508 0.0057 1938.6 27.3
17 88 29 3.0 0.2879 0.0173 0.0394 0.0018 249.0 11.2
18 35 19 1.8 3.7808 0.1015 0.2517 0.0067 1447.1 34.5
19 19 33 0.6 2.1828 0.0357 0.1510 0.0022 906.6 12.3
20 19 9 2.3 0.3237 0.0150 0.0366 0.0008 231.5 5.0
W. Gao et al. / Geoscience Frontiers xxx (2016) 1e12 5Geological Sciences, Beijing, China. For details on the instrument
settings and analytical procedures, see Hou et al. (2009). The raw
ICP-MS datawere processed using the ICP-MS Datacal program (Liu
et al., 2008). Common Pb was corrected following Andersen
(Andersen, 2002). Age calculations and plotting of concordia dia-
grams were performed using Isoplot (Ludwig, 2001).
In situ zircon Hf isotope analyses were performed using a New-
wave UP 213 laser-ablation microprobe attached to a Neptune
multi-collector ICP-MSat the Institute ofMineral Resources, Chinese
Academy of Geological Sciences, Beijing. For details on the instru-
ment conditions and data acquisition, see Hou et al. (2007). A sta-
tionary spot with a beam diameter of 55 mm was used for the
analyses. Heliumwas used as the carrier gas to transport the ablated
sample from the laser-ablation cell to the ICP-MS torch via a mixing
chamberwhere itwasmixedwith argon. To correct for instrumental
mass bias, Yb isotope ratioswerenormalized to a 172Yb/173Yb ratio of
1.35274 (Chu et al., 2002) andHf isotope ratios were normalized to a
179Hf/177Hf ratio of 0.7325 using an exponential law. The mass bias
behavior of Lu was assumed to follow that of Yb, and the mass bias
correction protocol of Hou et al. (2007) was employed. Zircon GJ-1
was used as the reference standard with a weighted mean
176Hf/177Hf ratio of 0.282008  0.000018 (2s, n ¼ 34) during our
routine analyses. To calculate model ages and 3Hf(t) values, we
adopted a depleted-mantle model with 176Hf/177Hf ¼ 0.28325 andPlease cite this article in press as: Gao, W., et al., Triassic magmatism i
petrogenetic constraints from Indosinian granites, Geoscience Frontiers (176Lu/177Hf ¼ 0.0384 (Grifﬁn et al., 2002), and a chondritic model
with 176Hf/177Hf ¼ 0.282772 and 176Lu/177Hf ¼ 0.0332 (Blichert-Toft
and Albarède, 1997). The decay constant of 176Lu adopted for this
study was 1.865  1011 per year (Scherer et al., 2001). The mean
crustal 176Lu/177Hf value of 0.015was used to calculate the two-stage
model ages (TCDM) (Grifﬁn et al., 2002).
3.2. Geochemistry
Whole-rock chemical analyses were conducted at the National
Research Center of Geoanalysis, Chinese Academy of Geological
Sciences (CAGS), Beijing. Major and trace elements were deter-
mined by XRF and ICP-MS, respectively. The uncertainties depend
upon the concentration of the element of interest, but were
generally estimated to be 3e5% for XRF and 3e8% for ICP-MS.
4. Results
4.1. Zircon UePb dating
4.1.1. Hucun dyke
Zircon grains from the Hucun dyke (DY11-145) are long and
columnarwith aspect ratios of 2:1 to 4:1 (Fig. 4), arew100e200 mm
in size, and yield Th/U ratios of 0.73e3.27. The UePb isotopen the eastern part of the South China Block: Geochronological and
2016), http://dx.doi.org/10.1016/j.gsf.2016.03.003
Figure 5. Zircon UePb concordia diagrams for the Hucun and Kengkou granitic dykes.
W. Gao et al. / Geoscience Frontiers xxx (2016) 1e126analyses were conducted on 20 zircon grains (Table 1, Fig. 5). The
most discordant analysis point is DY145-14, which yields a
206Pb/238Pb age of 406  23 Ma and may represent an inherited
zircon that experienced radiogenic Pb loss. Spots 145-11, 145-15,
and 145-16 were excluded due to their high degrees of discordance.
The remaining 16 analyses cluster on a concordia and yield a
weighted mean 206Pb/238U age of 242  2 Ma (2s) with
MSWD ¼ 1.12.
4.1.2. Kengkou dyke
Zircon grains from the Kengkou dyke (DY11-160) are elongate
and columnar, w80e240 mm in size, and yield Th/U ratios of
0.6e3.0. The CL images show weak oscillatory zoning (Fig. 4). The
UePb isotope analyses were conducted on 20 zircon grains (Table 1,
Fig. 5). The data fall on a discordia with an upper intercept age of
1800 Ma and a lower intercept age of 232  3 Ma (MSWD ¼ 1.0).
The upper intercept age may represent the inherited zircons
without overgrowth or the mixed ages including both core and rim.
4.2. Geochemistry
4.2.1. Major elements
The major element concentrations of the Hucun and Kengkou
granitic dykes are listed in Table 2. The rocks have SiO2 contents of
63.16e72.96 wt.%, high Al2O3 contents (15.04e15.10 wt.%), and highPlease cite this article in press as: Gao, W., et al., Triassic magmatism i
petrogenetic constraints from Indosinian granites, Geoscience Frontiers (ALK (Na2O þ K2O ¼ 7.96e8.02 wt.%). All the samples have A/CNK
(A/CNK ¼ molar ratio of Al2O3/(CaO þ K2O þ Na2O))>1 (1.0e1.1).
Both rocks fall within the subalkaline granite ﬁeld in the
(Na2O þ K2O) vs. SiO2 discrimination diagram (Fig. 6a), and shows
shoshonitic afﬁnity in the K2O vs. SiO2 discrimination diagram,
indicating they are K-rich granites (Fig. 6b and d). They are per-
aluminous granite based on A/NK plot (A/NK¼molar ratio of Al2O3/
(K2O þ Na2O)) versus A/CNK (Fig. 6c).
4.2.2. Trace elements
Chondrite-normalized distribution patterns (Fig. 7a) of the
Hucun granitic dyke show total rare earth element (SREE) contents
of 349e385 ppm, whereas the Kengkou dyke shows 126 ppm. Both
rocks are enriched in light rare earth elements, with LREE/HREE
ratios of 17.7e19.5 and (La/Yb)N values of 28.5e38.1. The LREE
patterns display greater degrees of fractionation than the HREE
patterns (Fig. 7a). The samples show signiﬁcant negative Eu
anomalies (dEu ¼ 0.65e0.73), associated with the fractional crys-
tallization of plagioclase.
Primitive-mantle-normalized distribution patterns (Fig. 7b)
show that the Hucun and Kengkou granitic dykes are enriched in
Rb, Th, and K, and depleted in Nb, Ta, Ti, and P. Variations in Rb, Ba,
Sr, and Ti contents mainly reﬂect the proportions of different rock-
forming minerals, while the low Nb and Ta contents indicate an
afﬁnity with continental crust.n the eastern part of the South China Block: Geochronological and
2016), http://dx.doi.org/10.1016/j.gsf.2016.03.003
Table 2
Major (wt.%) and trace (ppm) element compositions of the Hucun and Kengkou
granitic dykes.
Sample HC-1 HC-2 KK-1 Sample HC-1 HC-2 KK-1
SiO2 63.21 63.16 72.96 Rb 269 273 161
Al2O3 15.04 15.10 12.88 Ba 1826 1840 489
Fe2O3 1.28 1.31 0.48 Th 23.24 25.10 21.74
FeO 3.98 3.94 1.40 U 1.62 1.68 2.65
MgO 1.07 1.06 0.60 Nb 17.87 16.46 10.34
CaO 2.46 2.45 1.13 Ta 1.16 0.98 1.51
K2O 7.01 7.13 5.54 Pb 406 408 46
Na2O 0.96 0.89 2.91 Sr 1159 1165 79
MnO 0.32 0.31 0.05 Zr 400 394 144
P2O5 0.21 0.21 0.10 Hf 10.63 9.69 5.33
TiO2 0.68 0.69 0.30 Y 22.29 24.42 7.03
LOI 3.64 3.58 1.51 Ga 23.72 23.14 18.38
Total 99.84 99.81 99.86 La 81.81 89.05 31.38
Fe2O3T 5.71 5.69 2.04 Ce 155.88 173.53 54.97
FeOT 5.13 5.12 1.83 Pr 17.84 19.55 6.41
K2O þ Na2O 7.96 8.02 8.44 Nd 63.50 70.25 22.53
K2O/Na2O 7.31 7.97 1.90 Sm 9.50 10.45 3.51
A/NK 1.64 1.64 1.19 Eu 1.89 2.15 0.77
A/CNK 1.10 1.11 1.00 Gd 7.44 8.00 2.69
CaO/Na2O 2.56 2.73 0.39 Tb 0.97 1.06 0.32
FeOT/(FeOT þ MgO) 0.83 0.83 0.75 Dy 4.71 5.12 1.48
Al2O3/(MgO þ FeOT) 1.51 1.52 3.11 Ho 0.82 0.93 0.25
CaO/(MgO þ FeOT) 0.45 0.45 0.50 Er 2.23 2.40 0.68
P
REE 349 385 126 Tm 0.31 0.34 0.09
LREE/HREE 17.69 18.05 19.48 Yb 1.94 2.08 0.56
(La/Yb)N 28.46 28.80 38.07 Lu 0.26 0.28 0.09
dEu 0.65 0.68 0.73
Figure 6. (a) Plot of Na2O þ K2O vs. SiO2 for the Hucun and Kengkou granitic dykes (Middl
(Maniar and Piccoli, 1989). (d) Plot of K2O vs. Na2O (Le Maitre et al., 1989). The data for the T
2012; Zhao et al., 2013).
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Sixteen spots on 16 zircon grains from the Hucun dyke (DY11-
145) were analyzed for LueHf isotopic compositions. The 3Hf(t)
values were calculated for the respective zircon UePb ages and the
results are listed in Table 3. The 3Hf(t) values range from 13.9
to6.4 (Fig. 8a) and the two-stage Hf isotopic model ages generally
vary from 1.68 to 2.15 Ga (Fig. 8b).
Seventeen spots on 17 zircon grains from the Kengkou dyke
(DY11-160) were analyzed for LueHf isotopic compositions
(Table 3), and the 3Hf(t) values were calculated at the appropriate
zircon UePb ages. The 3Hf(t) values range from 40.7 to 31.5 but
are mainly within the range 6 to 20 (Fig. 8c). The two-stage Hf
isotopic model ages generally vary from 0.99 to 2.49 Ga (Fig. 8d).
5. Discussion
5.1. Triassic magmatism in the southeast margin of SCB
Our new zircon LA-ICP-MS UePb age data on the Hucun and
Kengkou dykes show early Triassic emplacement ages of 242  2
and 232  3 Ma (Fig. 5). Contemporaneous intrusions have been
reported along the southeast margin of the SCB (Fig. 1) and include
the Tieshan and Yangfang alkaline syenites (254e242 Ma) (Wang
et al., 2005b), the Wengshan A-type granites (232 Ma) (Sun et al.,
2011), the Jingju and Dashuang A-type granites (215e246 Ma) (Li
et al., 2012; Mao et al., 2013; Gao et al., 2014), the Gaoxi and Cai-
jiang A-type granites (228e230 Ma) (Zhao et al., 2013), as well asemost, 1994). (b) Plot of K2O vs. SiO2 (Le Maitre et al., 1989). (c) Plot of A/NK vs. A/CNK
riassic A-type granites of SE China are from previous studies (Sun et al., 2011; Li et al.,
n the eastern part of the South China Block: Geochronological and
2016), http://dx.doi.org/10.1016/j.gsf.2016.03.003
Figure 7. (a) Chondrite-normalized REE patterns (Boynton, 1984) and (b) NeMORB-
normalized element spider diagram (Pearce, 1983) for the Hucun and Kengkou granitic
dykes.
Table 3
Zircon LueHf isotopes for the Hucun and Kengkou granitic dykes.
Spot 176Yb/177Hf 2s 176Lu/177Hf 2s 176Hf/177Hf
DY11-145
1 0.072783 0.000607 0.001350 0.000005 0.282233
2 0.058928 0.001460 0.001075 0.000033 0.282263
3 0.062410 0.000777 0.001272 0.000008 0.282271
4 0.065598 0.001374 0.001200 0.000032 0.282403
5 0.077395 0.001066 0.001369 0.000021 0.282319
6 0.123220 0.004084 0.002247 0.000064 0.282386
7 0.098031 0.001390 0.001831 0.000025 0.282318
8 0.027831 0.000802 0.000525 0.000009 0.282308
9 0.046242 0.000199 0.000871 0.000008 0.282444
10 0.042025 0.000462 0.000784 0.000013 0.282245
11 0.045526 0.001321 0.000840 0.000017 0.282348
12 0.017121 0.000116 0.000340 0.000001 0.282284
13 0.049974 0.000907 0.000972 0.000021 0.282265
14 0.047845 0.000392 0.000885 0.000003 0.282360
15 0.046673 0.001488 0.000835 0.000027 0.282444
16 0.057239 0.000978 0.001016 0.000009 0.282249
DY11-160
1 0.025153 0.000178 0.000430 0.000001 0.281457
2 0.026988 0.000064 0.000488 0.000002 0.281504
3 0.024658 0.000062 0.000455 0.000001 0.281813
4 0.020838 0.000064 0.000369 0.000001 0.281464
5 0.034267 0.000196 0.000597 0.000005 0.281560
6 0.034479 0.000577 0.000599 0.000009 0.281583
7 0.067687 0.001328 0.001514 0.000055 0.282452
8 0.033155 0.000069 0.000574 0.000001 0.281450
9 0.034465 0.001146 0.000583 0.000015 0.281768
10 0.085371 0.001054 0.001671 0.000044 0.282374
11 0.049506 0.002273 0.000916 0.000031 0.282327
12 0.040393 0.000432 0.000689 0.000009 0.281521
13 0.037390 0.000369 0.000707 0.000018 0.281541
14 0.105862 0.001202 0.002028 0.000037 0.282395
15 0.037693 0.000745 0.000799 0.000029 0.282465
16 0.099582 0.002177 0.001836 0.000053 0.282569
17 0.041017 0.000235 0.000701 0.000006 0.281481
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petrogenetic constraints from Indosinian granites, Geoscience Frontiers (other intrusive suites that are exposed mainly in the central SCB
(202e248 Ma) (Wang et al., 2013a). The Hucun and Kengkou dykes
occur near the Dashuang and Jingju plutons in Zhejiang Province
(Fig. 1). Given that the plutons were emplaced at a similar time as
the dykes, it is possible that the dykes are part of a more extensive
A-type magmatic suite within the southeastern margin of the SCB.
The dykes and the Triassic A-type granites fall in the same ﬁeld on
(Yb þ Ta) vs. Rb and (Y þ Nb) vs. Rb diagram (Fig. 9), suggesting
same tectonic settings for both rock types. Although the different
lithologies within the dykes show variations in major element
compositions, they have similar trace element and REE character-
istics and UePb ages, suggesting that they formed through frac-
tional crystallization of a common parental magma. The similar
LueHf isotope compositions of zircon grains from the two dykes
(Table 3) also suggest that these rocks have a common source.
Although some of the 3Hf(t) values from the Kengkou dyke show
wide variation, both dykes exhibit broadly similar model ages (TDM
and TCDM) and initial
176Hf/177Hf ratios and 3Hf(t) values, further
indicating that they were derived from a common parental magma
or came from a similar source (Fig. 8).5.2. Source and petrogenesis
The Hucun and Kengkou granitic dykes have geochemical
characteristics typical of S-type granites, with high Al2O3
(12.88e15.10 wt.%), K2O þ Na2O (7.96e8.44 wt.%), K2O/Na2O
(1.9e7.97), and A/CNK (1.00e1.11). The RbeSreBa variations of the
dykes are shown in Fig. 10a and suggest that these granites were
possibly derived from a pelitic source. On the Al2O3/(MgO þ FeOT)
versus CaO/(MgO þ FeOT) diagram (Fig. 10b), most samples plot in2s Age (Ma) (176Hf/177Hf)i 3Hf(t) TDM TCDM
0.000024 246 0.282227 13.9 1451 2153
0.000022 240 0.282258 12.9 1398 2087
0.000020 245 0.282265 12.6 1394 2069
0.000022 244 0.282397 7.9 1206 1774
0.000025 240 0.282313 11.0 1329 1964
0.000027 240 0.282376 8.7 1265 1824
0.000025 242 0.282309 11.1 1349 1971
0.000021 244 0.282306 11.1 1316 1979
0.000022 243 0.282440 6.4 1138 1679
0.000018 240 0.282242 13.5 1412 2124
0.000023 236 0.282344 10.0 1272 1898
0.000020 247 0.282283 11.9 1342 2029
0.000019 241 0.282261 12.8 1391 2081
0.000024 243 0.282356 9.4 1256 1866
0.000022 235 0.282440 6.6 1137 1683
0.000026 239 0.282244 13.4 1416 2119
0.000018 1763.8 0.281443 7.7 2471 2911
0.000023 1522.3 0.281490 11.5 2411 2962
0.000019 233.8 0.281811 28.9 1991 3083
0.000020 230.4 0.281463 41.3 2457 3850
0.000024 239.5 0.281558 37.7 2342 3636
0.000021 1661.3 0.281564 5.8 2312 2712
0.000023 233 0.282445 6.5 1147 1674
0.000020 1774.5 0.281430 7.9 2491 2932
0.000031 224.4 0.281765 30.7 2059 3190
0.000031 1885.4 0.282314 26.0 1263 909
0.000025 1603.3 0.282299 19.0 1303 1122
0.000019 1805.1 0.281497 4.9 2401 2766
0.000035 1816 0.281516 3.9 2375 2717
0.000026 232.7 0.282386 8.5 1244 1805
0.000021 1938.6 0.282436 31.5 1107 602
0.000021 249 0.282561 2.0 988 1403
0.000021 231.5 0.281478 40.7 2456 3816
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Figure 8. Zircon Hf isotopic compositions of the Hucun and Kengkou granitic dykes. (aeb) Histograms of the zircon 3Hf(t) values and the TCDM (Ga) of the Hucun granitic dyke. (ced)
Histograms of the zircon 3Hf(t) values and TCDM (Ga) of the Kengkou granitic dyke.
W. Gao et al. / Geoscience Frontiers xxx (2016) 1e12 9the metagreywacke ﬁeld. This feature, combined with the presence
of Paleoproterozoic metaigneous rocks and the two-stage depleted
mantle Hf model ages of 1.6e2.6 Ga (Fig. 11), prompt us to propose
that the parental magmas of the Hucun and Kengkou granitic dykes
formed from the melting of Paleoproterozoic crustal rocks. All the
analyzed samples are peraluminous granites (Fig. 5c), suggesting
that their sources were also peraluminous in composition
(Kalsbeek et al., 2001). The highly negative 3Hf(t) values (33
to 6), wide range in two-stage depleted mantle Hf model ages
(Fig. 8), and lack of maﬁc enclaves in the plutons also argue against
the presence of maﬁc magma in the source. A comprehensive
analysis of the Nd-isotope compositions of Phanerozoic igneousFigure 9. (a) (Yb þ Ta) versus Rb and (b) (Y þ Nb) versus Rb discriminant d
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crust of southeast China formed during Proterozoic (Gilder et al.,
1996; Chen and Jahn, 1998). Based on the geochemical and Hf
isotopic compositions determined in this study, we infer that the
Hucun and Kengkou granitic dykes were derived from partial
melting of Paleoproterozoic peraluminous rocks of the Cathaysia
basement.
5.3. Tectonic implications
The widely distributed late PermianeTriassic magmatic rocks in
South China Block have been investigated by many workers (Zhouiagrams for the Hucun and Kengkou granitic dykes (Pearce et al., 1984).
n the eastern part of the South China Block: Geochronological and
2016), http://dx.doi.org/10.1016/j.gsf.2016.03.003
Figure 10. Molar ratios of (a) Rb/Ba versus Rb/Sr (Sylvester, 1989), and (b) Al2O3/(MgO þ FeOT) versus CaO/(MgO þ FeOT) (Altherr et al., 2000) for Hucun and Kengkou granitic
dykes.
Figure 11. Zircon Hf isotopic features of the Hucun and Kengkou granitic dykes.
W. Gao et al. / Geoscience Frontiers xxx (2016) 1e1210et al., 2006; Li and Li, 2007). Although several studies have focused
on the Triassic A-type granites of eastern South China (Sun et al.,
2011; Li et al., 2012; Xu et al., 2013; Zhao et al., 2013; Gao et al.,
2014), the tectonic setting of these plutons remains equivocal
(Faure et al., 2016). Three hypotheses have been proposed on the
tectonic environment and magma generation of these A-type
granites: (1) strike-slip faults related to subduction of the paleo-
Paciﬁc plate (Wang et al., 2005b; Li and Li, 2007); (2) local NE-
trending extensional faulting caused by collision between the SCB
and the Indochina Block or the North China Block (Zhao et al.,
2013); and (3) Indosinian multi-plate convergence in South China
(Mao et al., 2013, 2014). Among these, the model of Paleo-Paciﬁc
Plate subduction is highly debated. It has been proposed that he
westward subduction of the Paleo-Paciﬁc Ocean beneath East Asia
was initiated in Carboniferous or even earlier (Isozaki et al., 1990;
Maruyama et al., 1997). Evidence for this comes from many accre-
tionary complexes of East Asia hosting fragments of Ocean Plate
Stratigraphy (or ophiolites according to older terminology) (Isozaki
et al., 1990; Safonova, 2009; Kusky et al., 2013; Safonova and
Santosh, 2014; Safonova et al., 2015a, b). In addition, Permian arc
magmatism was reported in Hainan and western Philippines (Li
et al., 2006; Knittel et al., 2010). Further, geological data show
that the westward subduction of the Paleo-Paciﬁc was already
active in the beginning of the Mesozoic (Maruyama et al., 1997). As
there are no reports on the co-existing volcanics in SE China, we
presume that these rocks might have been eroded (Yamamoto
et al., 2009; Stern, 2010; Safonova et al., 2015c). Wang et al.
(2013b) further indicated that the early Mesozoic Paciﬁc Plate
subduction had affected Fujian and Zhejiang provinces, being
limited to the area east of Wuyi Mountain. Therefore, the NE-
trending distribution A-type granite belt might be controlled by
NE-trending strike-slip faults in response to the subduction of the
paleo-Paciﬁc Plate underneath the SCB (Fig. 1a) (Sun et al., 2011).
The model of Zhao et al. (2013) failed to explain the reasons for the
propagation of the orogen into the coastal area and the absence of
A-type granites in the inland region to the south. The model of
multi-plate convergence (started in late Indosinian) also failed to
explain the petrogenesis of early Indosinian granites in SE China. An
alternative interpretation was proposed that the subduction of the
Paciﬁc plate provided a possible trigger for the magmatism in SE
China (Shu et al., 2015).
Middle Triassic orogens are widespread around and within the
South China Block (SCB) (Faure et al., 2016). The SE China region hasPlease cite this article in press as: Gao, W., et al., Triassic magmatism i
petrogenetic constraints from Indosinian granites, Geoscience Frontiers (been in a compressional tectonic regime during the middle Triassic
(Faure et al., 2016). It is noteworthy that the Hucun and Kengkou
dykes, and the late PermianeTriassic A-type granitic plutons were
emplaced during the middle Triassic in SE China (Li et al., 2012; Xu
et al., 2013; Zhao et al., 2013; Gao et al., 2014). A-type granites,
commonly considered to be restricted to anorogenic or extension-
related environments, can also occur in compressional regimes
(Milani et al., 2015). Such situation is common in the background of
crustemantle decoupling at convergent plate boundaries, resulting
in crustal accretion and thinning of the lithospheric mantle beneath
the overriding plate (Vanderhaeghe and Duchêne, 2010; Milani
et al., 2015). Therefore, we speculate a subducted slab underneath
the SE China lithosphere (Fig. 12). However, the possibility of
magmatism inﬂuenced by collisional orogenies surrounding the
region was not excluded in SE China.6. Conclusions
LA-ICP-MS zircon UePb dating indicates that the Hucun and
Kengkou dykes intruded the Badu Group in the middle Triassic,
with emplacement ages of 242  2 and 232  3 Ma. In situ Hf
isotopic data shows that these dykes are formed by partial melting
of Paleoproterozoic rocks in the Cathaysia Block. The Hucun andn the eastern part of the South China Block: Geochronological and
2016), http://dx.doi.org/10.1016/j.gsf.2016.03.003
Figure 12. Conceptual model of the evolution and emplacement of magma that pro-
duced the Triassic A-type granites, granitic dykes in SE China. Modify after Milani et al.
(2015).
W. Gao et al. / Geoscience Frontiers xxx (2016) 1e12 11Kengkou dykes probably formed under the tectonic setting of
crustemantle decoupling at convergent plate boundary.
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